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Abstract We examined the phylogenetic relationships of 40 species of the genus Graphium 
(Papilionidae: Leptocircini) with a few related genera belonging to the tribe Leptocircini. The 
analysis is based on comparisons of morphological classification and about 700 base pairs of 
nuclear 28S ribosomal DNA and 793 base pairs of the mitochondrial NADH dehydrogenase 
subunit 5 (NDS) gene. In both 285 rDNA, the ND5 and the 28S rDNA --NDS phylogenetic 
trees of Graphium butterflies, the genus Graphium was monophyletic, and diversification 
occurred at almost the same time. Although the subgenera Pazala, Pathysa and Arisbe were 
monophyletic clusters, the subgenus Graphium was not. The 28S rDNA sequence lengths of the 
eurypylus group belonging to this subgenus (represented in this study by G. doson, G. bathycles, 
а. chiron, G. evemon, С. leechi, G. eurypylus) and С. akikoae (=phidias) to the subgenus 
Pathysa are 713 bases, and differed from those of the other Graphium butterflies which are 717 
bases. The phylogenetic tree positions of the eurypylus group+ G. akikoae did not cluster with 
other subgenera, but rather independently. Therefore, we assumed that the eurypylus group did 
not belong in the subgenus Graphium. The current classification leaves a certain ambiguity in 
the classification of the African Graphium species, either all the African Graphium species being 
classified into the subgenus Arisbe (Miller, 1987), or the African species being classified into two 
groups, the non-swordtailed species in the subgenus Arisbe and the swordtailed species in the 
subgenus Graphium (Hancock, 1983, 1993). The present study assumes that the African species 
should be assigned to two groups represented by Hancock, one being the non-swordtailed species 
in the subgenus Arisbe (represented in this study by С. ridleyanus, С. latreillianus, G. an- 
golanum, С. tynderaeus, G. leonidas, а. adamastor and С. schubotzi) and the other being the 
swordtailed species in the subgenus Graphium (represented in this study by G. policenes). 
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Introduction 


The genus Graphium Scopoli, 1777 (type species: Papilio sarpedon Linnaeus, 1758), which 
belongs to the tribe Leptocircini (Papilionidae, Papilioninae), is widely distributed in the 
Oriental, Australian and Ethiopian regions, and has also spread into the southern area of the 
eastern Palaearctic region. This genus is not found in the New World, but the Leptocircini 
genus Eurytides Hübner, 1821 (type species: Eurytides iphitas Hübner, 1821), which contains 
the subgenus Protesilaus Swainson, 1832 (type species: Papilio protesilaus Linnaeus, 1758), is 
distributed in the Neotropical regions instead of the genus Graphium (recently, Móhn (2002) 
separated the new genus Neographium from the genus Eurytides). Other related genera 
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belonging to this tribe, Lamproptera Gray, 1832 (type species: Papilio curius Fabricius, 1787), 
Protographium Munroe, 1961 (Papilio leosthenes Doubleday, 1846) and Iphiclides Hiibner, 
1819 (Papilio podalirius Linnaeus, 1758) are distributed in the Oriental, Australian and 
Palaearctic regions, respectively. 


The relationships of the genus Graphium within the tribe Leptocircini and the interspecific 
relationships within Graphium have been previously discussed by many investigators includ- 
ing Ehrlich (1958), Munroe & Ehrlich (1960), Munroe (1961), Saigusa et al. (1977, 1982), 
Hancock (1983, 1993), Miller (1987) and Smith & Vane-Wright (2001). The current 
classification suggests that Lamproptera is most proximate to the genus Graphium (Hancock, 
1983; Miller, 1987), while Ehrlich (1958) included Lamproptera in the genus Graphium 
based on the high tentorial crest. Munroe & Ehrlich (1960), on the other hand, state that the 
closest relative of Graphium is the genus Iphiclides. 


The genus Graphium has been tentatively classified into four subgenera (Hancock, 1983): the 
eastern Palaearctic subgenus Pazala Moore, 1888 (type species: Papilio glycerion Gray, 1831), 
the Indo-Australian subgenus Pathysa Reakirt, 1865 (type species: Papilio antiphates Cramer, 
1775), the African subgenus Arisbe Hübner, 1819 (type species: Papilio leonidas Fabricius, 
1793) and the Asian subgenus Graphium Scopoli (Table 1). 


In the current classification of the subgenus Graphium based on Saigusa et al. (1977, 1982), 
the subgenus Graphium consists of the sarpedon group, the agamemnon group and the 
eurypylus group. However, Saigusa et al. (1977, 1982) did not specifically state that the 
subgenus Graphium is monophyletic. Miller (1987) also suggested that he could not find 
autapomorphic characteristics to support the subgenus Graphium. 


Munroe (1961) classified all African species into the subgenus Avisbe, based on the rim of the 
valva of the male genitalia having stout setae concentrated on the disto-ventral half of the 
dorsal process, but not modified into spines in either region. Miller (1987) also classified all 
African species into Avisbe, based on the lateral lobes of the female ostium, which are covered 
with a mat of short setae and have а fuzzy appearance throughout the subgenus Arisbe. 
However, Hancock (1983, 1993) classified the African species into the Afrotropical swor- 
dtailed species in Graphium, and the non-swordtailed species in Avisbe, despite the assertions 
of Munroe (1961) and Miller (1987) that all African Graphium butterflies should be classified 
into the subgenus Arisbe. The recent Smith & Vane-Wright (2001) classification of the 
Afrotropical Graphium butterflies with a few Indo-Australian butterflies based on the 
morphological characters did not involve four subgenera, and it showed that various species 
formed small groups and had complicated phylogenetic relationships. 


Munroe (1961) further suggested that the eurous group, placed by later authors in the 
subgenus Pazala, belongs to Pathysa, based on the complexity of the male genitalia. Не 
does not recommend separating this group as the fourth subgenus because of significant 
affinities between Pazala and Pathysa. Hancock (1983) pointed out that the most primitive 
subgenus, Pazala, retains the primitive banded pattern, complex male clasper and blue 
hindwing scales, while in the slightly more advanced Pathysa, the pattern is either primitive 
or mimetic, the clasper less complex and blue scales absent. Miller (1987) also agreed that 
the subgenus Pazala is plesiomorphic to the rest of the genus Graphium. 


In spite of this seeming agreement, Igarashi's study of immature stages (1984) indicates that 
the genus Lamproptera is more closely related to both the subgenera Graphium and Arisbe 
than to either Pazala or Pathysa. Igarashi treated Pazala and Pathysa as two genera, and 
other researchers (е. g. D’Abrera, 1982) have also recognized Pazala as a separate genus. 
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Moreover, a cladistic study by Tsukada & Nishiyama (1980) suggested that Graphium 
akikoae Morita & Shinkai* (= G. phidias (Oberthiir)) would belong in a new subgenus, not 
belonging to Pathysa shown by Hancock (1983) or Collins & Morris (1985). Niculescu 
(1977) proposed a new genus, Klingizia (a replacement name, Klingiziana Niculescu, 1989) for 
Graphium weiskei (Ribbe), but this proposal has not been accepted by the subsequent authors 
(Parsons, 1999). As mentioned above, subgeneric classifications or grouping of species 
within the genus Graphium are not yet clear. 


In the present study, we examined the nucleotide sequences of a part of the nuclear 28S 
ribosomal DNA (about 700 base pairs) and a part of the mitochondrial gene encoding ND5 
(793 base pairs) of Graphium butterflies. The ND5 gene shows а fairly rapid evolution and 
is one of the most useful mitochondrial genes for investigating the phylogenetic relationships 
among related groups (Su et al., 1996a, b; Yagi et al., 1999; Kim et al., 2000; Makita et 
al., 2000). Although the 28S rDNA shows a slower evolution than the ND5 gene, the 28S 
rDNA phylogeny is mostly consistent with the NDS gene phylogeny of the Leptocarabus 
ground beetles (Kim et al., 2000). Therefore, we used 28S rDNA for the tribe Leptocircini 
groups and NDS for the genus Graphium. The molecular phylogeny indicated the evolution 
and phylogeny of the genus Graphium. 


Materials and methods 


Samples and DNA extraction 


The names and localities of the specimens used in this study are shown in Table 1, including 
their accession numbers assigned by the DDBJ/EMBL/GenBank; representative species are 
shown in Fig. l. A total of 40 Graphium butterfly species were analyzed, including several 
species of each subgenus of the genus Graphium, as well as species from three related genera 
belonging to the tribe Leptocircini: the genus Eurytides (Е. helios Rothschild & Jordan), 
Iphiclides (I. podalirius (Linnaeus)), апа Lamproptera (Г. meges (Zinken-Sommer) and Г. 
curius (Fabricius)). One species of the genus 7einopalpus Hope (Т. imperialis Hope) was 
used as an outgroup. 


All butterflies were collected by the authors or supplied by entomologists (see acknowledg- 
ments) The butterflies collected in Japan, Korea and Myanmar were immersed in 9596 
ethanol and stored at — 20°C before use, and those collected in other areas, China, Malaysia, 
Indonesia and so on, or rare or precious samples were kept as mounted dry specimens. 
DNA was extracted from muscles of the thorax or legs, using a ОГАатр DNeasy Kit (Qiagen, 
Inc., Valencia, CA, USA). (Note; many of the rare or precious samples used in this study 
were purchased from a dealer who obtained permission, and were collected before 1996). 


PCR amplification 
Extracted total DNA was used as a template for 288 rDNA and ND5 DNA amplification 





* Papilio phidias Oberthür, 1906 is a primary homonym of Papilio phidias Linnaeus, 1758, and 
cannot be used as the scientific name for the well-known Graphium species in question. We 
use Graphium akikoae Morita & Shinkai, 1996 as its valid name. Although akikoae was 
described as a subspecies of G. phidias from Lak Sao, Laos, Masui and Uehara (1996) 
suggested that there is no big difference between the specimens from Laos and Vietnam, from 
which phidias Oberthür, 1906 was originally described. 
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Table 1. 





genus 
subgenus 
species group 
species 





Graphium 
Pathysa 
antiphates group 
agetes (Westwood) 


aristeus (Cramer) 
stratiotes (Grose-Smith) 
androcles (Boisduval) 
dorcus (de Haan) 
antiphates (Cramer) 


macareus group 
delesserti (Guérin-Méneville) 
macareus (Godart) 


thule (Wallace) 

xenocles (Doubleday) 
Pazala 

mandarinum (Oberthür)? 


incertum (Bang-Haas) 
hoenei (Mell)? 
tamerlanum (Oberthür) 
eurous (Leech) 

Graphium 
akikoae Morita & Shinkai? 


eurypylus group 
evemon (Boisduval) 


doson (C. & R. Felder) 


chiron (Wallace) 

bathycles (Zinken-Sommer) 

leechi (Rothschild) 

eurypylus (Linnaeus) 
agamemnon group 

agamemnon (Linnaeus) 


wallacei group 
wallacei (Hewitson) 

sarpedon group 
batjanense Okano 
weiskei (Ribbe) 
macleayanum (Leach) 
codrus (Cramer) 
empedovanum (Corbet) 


sarpedon (Linnaeus) 


288 





ND5 


locality 








| 
T 





| 
T 


+ + + + 





+ 


キキ キキ キキ 
































List of species of the genus Graphium and other related genera used in this study. 


DDBJ/EMBL/GenBank 
accession по. (28S/NDS) 





Laos 

Malaysia 

Malaysia 

Sabah, Borneo 

Sulawesi, Indonesia 

Sulawesi, Indonesia 

Laos 

Cameron Highland, Malaysia 
Borneo 


Borneo 

Laos 

Borneo 

Timuka, W. Irian, Indonesia 
Tam Dao, Hanoi, Vietnam 


Mt Victoria, Chin, Myanmar 1 
Mt Victoria, Chin, Myanmar 2 
Yunnan, China 

Sichuan, China 

Gansu, China 

Taiwan 


Laos 


Cameron Highland, Malaysia | 
+ Cameron Highland, Malaysia 2 
Laos | 

Laos 2 

Taiwan | 

Taiwan 2 

Zi ya dum, Myanmar 

Cameron Highland, Malaysia 
Jingning, Zhejiang, China 

Putao, Kachin, Myanmar 


Bali Is., Indonesia 

Cameron Highland Malaysia 1 
Cameron Highland Malaysia 2 
Laos 

Taiwan 

Borneo 


New Britain Is, PNG 


Bachan Is., Indonesia 
PNG 

Dungog, Australia 
Malaita Is, Solomons 
Java, Indonesia 1 
Java, Indonesia 2 
Bali Is., Indonesia 
Taiwan 1 


AB059684/ AB059486 
AB059685/ AB059485 
-/ AB059487 
-/ AB059491 
АВО88638/ AB088644 
-/ AB088645 
AB059690/ AB059494 
-/ AB059495 
AB059691/ AB059496 


-/ AB059488 
AB059686/ AB059489 
AB059687/ AB059490 
AB059688/ AB059492 
AB059689/ AB059493 


AB059725/ AB059533 
AB059726/ AB059534 
AB059727/ AB059535 
AB059728/ AB059536 
AB059729/ AB059537 
AB059730/ AB059538 


AB059701/ AB059505 


AB059692/ AB059497 
AB059693/ AB059497 
AB059694/ AB059498 
AB059695/ AB059499 
AB059696/ AB059500 
AB059697/ AB059501 
AB059698/ AB059502 
AB059699/ AB059503 
AB088639/ AB088646 
AB059700/- 


AB059702/ AB059506 
AB059703/ AB059507 
AB059704/ AB059508 
AB059705/ AB059509 
AB059706/ AB059510 
AB059707/ AB059511 


AB059708/ AB059512 


AB059709/ AB059513 
AB059710/ AB059514 
AB088643/- 
AB059711/ AB059515 
AB059712/ AB059516 
-/ AB059517 
AB059713/ AB059518 
AB059714/ AB059519 
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+ + Taiwan 2 AB059715/ AB059520 
+ + Chiba, Japan AB059716/ AB059521 
+ + Yokosuka, Japan AB060636/ AB059522 
+ + Cameron Highland, Malaysia 1 AB059717/ AB059523 
+ Cameron Highland, Malaysia 2 AB059718/ AB059524 
Ба + Cameron Highland, Malaysia 3 AB059719/ AB059525 
Laos AB059720/ AB059526 
milon C. & R. Felder + + Sulawesi, Indonesia AB059721/ AB059527 
— +  Buru Is., Indonesia -/ AB059528 
cloanthus Westwood Taiwan AB059722/ AB059529 
ge + Laos AB059723/ AB059530 
E: + Sichuan, China -/ AB059531 
policenes group 
policenes (Cramer) Congo AB059724/ AB059532 
Arisbe 
ridleyanus group 
ridleyanus (White) Nola, RCA AB059731/ AB059539 
tynderaeus group 
latreillianus (Godart) + + Camerun AB059732/ AB059540 
tynderaeus (Fabricius) ab +  Bungui RCA АВ088642/ AB088648 
angolanum group 
angolanum (Goeze)” + +  Bungui RCA AB088640/ AB088647 
leonidas group 
leonidas (Fabricius) = +  Bungui, RCA -/ AB059541 
adamastor group 
adamastor (Honrath) +  Bungui, RCA AB088641/ AB088649 
schubotzi (Schultze)® — +  Bungui RCA .-/ AB088650 
Lamproptera 
meges (Zinken-Sommer) + Cameron Highland, Malaysia 1 AB059733/ AB059542 
+ + Cameron Highland, Malaysia 2 AB059734/ AB059543 
+ Cameron Highland, Malaysia 3 AB059735/ AB059544 
curius (Fabricius) + + Ziya dum, Myanmar АВО59736/ AB059545 
Iphiclides 
podalirius (Linnaeus) + + Czeck Republic AB059737/ AB059546 
Eurytides 
Protesilaus 
protesilaus group 
helios (Rothschild & Jordan) + + Minas Gerais, Brazil AB059738/ AB059547 
Teinopalpus 
imperialis Hope + + М. Vietnam AB059739/ AB059548 





Arrangement of species follows Hancock (1983) except for С. akikoae (= рћићах). 

1) С. glycerion (Gray, 1831) is a junior primary homonym of Papilio glycerion Borkhausen, 
1788. 

2) G. sichuanica (Koiwaya, 1993) is a junior subjective synonym. 

3) G. phidias (Oberthür, 1906) is a junior primary homonym of Papilio phidias Linnaeus, 
1758. 

4) G. pylades (Fabricius, 1793) is a junior primary homonym of Papilio pylades Stoll, 1782. 

5) G. odin (Strand, 1910) is a junior primary homonym of Papilio odin Fabricius, 1793. 


by polymerase chain reaction (PCR), following the method described by Saiki et al. (1988). 
The PCR primers for the 28S rDNA gene were employed following the method described by 
Kim et al (2000). Other PCR primers for 288 rDNA were based on Graphium sequences; 
these were the following: 28rSF (У-САС TAC CCC TGA WTT WAA GCA T-3’), 28rSR 
(5-САС ТСС TTG GTC CGT ОТТ TC-3’), and the sequence primers 28sF1 (5'-AGT 
AGC ССС GAG CGA ACA GGA А-3”), 28sF2 (5'-GCG ААА CTC GAA TGA ACG 
ААС GG-3’), 28sR1 (5-ССС GAA ACT GAA TCA TCG CCG AC-3’), and 28sR2 
(5'-CSG ACR TCG AAC GGG TCG CGA TG-3). The PCR primers for the ND5 gene 
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Fig. 1. 


16 17 18 19 ~ 20 


Representative species of the genus Graphium and the tribe Leptocircini used in this 


study. 1. Graphium agetes. 2. G. antiphates. 3. G. macareus. 4. G. mandarinum. 
5. G. eurous. 6. G. akikoae (=phidias). 7. С. doson. 8. С. agamemnon. 9. G. 
wallacei. 10. G. weiskei. 11. О. codrus. 12. С. sarpedon. 13. а. cloanthus. 14. 
С. policenes. 15. G. ridleyanus. 16. G. latreillianus. 17. G. leonidas. 18. Lam- 
proptera meges. 19. Iphiclides podalirius. 20. Eurytides helios. 
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were employed following the method described by Su et al. (1996а, b) and Yagi et al. 
(1999). Other PCR primers for the NDS gene were based on Graphium sequences: C2GR 
(5-КСМ GGR ТТТ TAT TCW AAR GAT-3), A4G (5'-GTR TAA WAT ATA ОТҮ 
ARH CCW GTW G-3’), апа DR2G (5-GTW САТ AAA TTA GGT ATA AAT САУ 
А-3). PCR amplification was carried out in 50 ul of a solution containing 1 wg of template 
DNA, 1 pmol/ gl of each primer, and 1.25 ЏО of TaKaRa Ex Тад (Takara, Shiga, Japan). 
The amplification comprised 35 cycles of denaturation at 94°C for 30 sec, primer annealing 
at 52°C for 30 sec and primer extension at 72°C for 1 min, or was conducted according to the 
method described by Taylor et al. (1993). Taylors PCR method was used primarily for dry 
specimens. 


Direct sequencing of PCR-amplified single stranded DNAs 


The PCR products were purified using a QlAquick Gel Extraction Kit or OlAquick PCR 
Purification Kit (Qiagen). Direct sequencing was performed by the dideoxy chain termina- 
tion method (Sanger et al., 1977) using a BigDye Terminator Cycle Sequencing Ready 
Reaction Kit (Applied Biosystems Japan, Ltd, Tokyo, Japan). The nucleotide sequences 
were determined using an ABJ PRISM 377 Sequencer (Applied Biosystems). 


Phylogenetic analysis 


The 288 rDNA and NDS DNA sequences were aligned using the Clustal X program 
(Thompson et al., 1997), and were then manually adjusted by eye to minimize gaps. 
Phylogenetic analysis was performed by two methods: the neighbor-joining (NJ) method 
(Saitou & Nei, 1987) and the maximum parsimony (MP) method. Both methods with a 
bootstrap test (Felsenstein, 1985) were carried out with the PAUP* 40b10 program 
(Swofford, 2000) and the heuristic parsimony analysis used both with all characters having 
equal weight, stepwise sequence addition, addition sequence of 1,000 random replicates, 
tree-bisection-reconnection (TBR) branch-swapping, and the MULTREES option. The 
bootstrap values are based on 1,000 replicates. Gaps in the alignments were excluded from 
the phylogenetic analysis. The evolutionary distances (D) were computed by Kimura’s 
two-parameter method (Kimura, 1980). The gene sequences of the genus 7einopalpus (T. 
imperialis) were used as an outgroup. 


Results 


Nucleotide sequences 


Partial sequences of the nuclear 288 rDNA (about 700 base pairs) and the mitochondrial 
. №05 (793 base pairs) were determined, although not all taxa were sequenced successfully (e. 
g., Graphium eurypylus (Linnaeus) for ND5). A few deletions and length variations were 
found in each genus as well as in the Graphium 28S rDNA sequences. Certain length 
variations of the 28S rDNA were found within the genus Graphium, specifically, Graphium 
doson (C. and R. Felder), G. bathycles (Zinken-Sommer), G. chiron (Wallace), G. evemon 
(Boisduval), G. leechi (Rothschild), and G. eurypylus, which were classified into the eurypylus 
group in the subgenus Graphium and G. akikoae, showed 713 bases, but other Graphium 
species including Pathysa, Pazala and Arisbe showed 717. The genera of the tribe Leptocir- 
cini showed the following numbers of bases: Eurytides, 724; Iphiclides, 718; Lamproptera, 
718; and Teinopalpus, 728. There were no insertions/deletions and no length variations for 
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Table 2. Pairwise Sequence Divergence (by Kimura's Two-Parameters Methods) for 285 rDNA 
examined in this study 



































1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

І = п.е. п.е. 0.00 пе. 0.14 000 014 пе. 042 1.56 1.85 1.56 113 1.56 4.18 4.18 4.18 4.03 4.03 4.18 4.33 
2 8.69 = пе. пе. п.е. п.с. ће. пе. ne. пе. п.е. ne. ne. пе. пе. п.е. п.е. п.е. п.е. пе. пе. п.е. 
3 1017 9.86 = n.e. n.e. n.e. п.е. п.е. ne. ne. пе. пе. пе. ne. ne. ne. ne. п.е. п.е. п.е. п.е. п.е. 
4 9.87 912 561 = ne. 014 000 0.14 ne 042 156 185 156 113 1.56 418 418 418 403 403 418 433 
5 6.59 869 943 10.00 п.е. п.е. ne. пе. п.е. п.е. п.е. ne. ne. ne. n.e. п.е. ne. ne. ne. n.e. пе. 
6 8.69 8.11 9.28 8.11 9.27 = 0.14 0.28 п.е. 0.56 1.70 1.99 1.70 1.27 1.70 4.33 4.33 4.33 4.18 4.18 4.33 448 
7 1000 2999 409 505 1000 8.68 - 0.14 ne 042 1.56 1.85 156 113 156 418 418 438 403 403 418 433 
8 9.71 546 1031 9.27 1030 811 1044 = ne 056 170 170 170 127 142 433 418 433 418 418 433 448 
9 161 926 1222 1206 1072 9.70 1221 1042 = п.е. п.е. ne. п.е. п.е. п.е. п.е. пе. пе. пе. пе. пе. n.e. 
10 104 882 1118 926 47 9.40 1088 1000 8.12 - 185 214 185 156 185 403 403 403 389 389 403 418 
11 2.70 13143 1378 12.40 347 12.22 3.14 3.00 13.75 12.56 = 0.28 0.00 0.42 0.28 3.44 3.74 3.74 3.59 3.59 3.74 3.89 
12 1014 1057 1073 1000 11.03 10.57 0.43 1.48 1.76 10.29 5.77 - 0.28 0.71 028 3.74 3.89 4.03 3.89 3.89 4.03 4.18 
13 1193 1222 13.15 1193 1238 1101 1298 1117 1267 1L18 3.30 521 = 042 028 344 3.74 374 359 3.59 3.74 389 
14 1.19 1117 11.64 955 1104 955 11.47 10.88 1147 11.19 590 437 5.90 - 042 389 418 418 403 403 418 433 
15 0.14 1013 10.74 868 1000 868 1058 10.14 1087 1044 577 396 549 1.96 - 374 389 403 389 389 403 418 
16 1162 10.72 11.19 10.74 1133 10.57 0.73 1.04 16] 11.18 3315 1044 11.77 11.04 9.84 = 0.99 0.99 0.85 0.85 0.99 1.13 
17 1088 9.70 1015 9.27 1044 9.26 1058 10.00 1088 985 1030 869 897 928 8.55 0.00 - 056 042 042 056 07 
18 180 1015 1094 9.59 1105 10.15 1090 1075 1119 1091 1047 914 987 900 827 7.99 648 - 014 O14 000 0.14 
19 1.47 985 10.60 9.56 05 9.70 1043 985 1073 1045 10.16 869 869 870 769 884 492 494 - 000 O14 0.28 
20 178 985 1120 971 20 9.84 1118 955 10.73 10.30 1092 9.13 883 885 812 884 506 452 1.96 - 014 028 
21 104 9.85 9.71 9.2 10.90 9.41 0.00 1029 0.73 0.60 10.46 8.55 8.98 8.70 7.69 8.84 5.20 5.65 3.83 425 = 0.14 
22 IKE. п.е. пе. пе: пе. n.e. n.e. п.е. п.е. n.e. aS n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.e. sd 
23 1057 911 1072 10.57 1013 940 1.01 9.84 9.11 969 1.05 839 1015 870 812 870 883 972 840 869 811 п.е. 
24 12.22 1042 1177 10.42 11.76 984 11.16 10.57 11.16 10.72 1060 8.98 927 9.12 811 1028 956 985 941 941 8.68 пе. 
25 321 11.57 13.52 12.01 2217: 1.13 3.51 1132 2.46 1.13 1.59 997 10.55 0.13 9.69 1.00 841 10.15 9.40 9.69 10.13 n.e. 
26 297 1146 13.13 1221 1222 1042 297 11.62 1.76 1.77 1.04 9.84 9,55 9.85 9.12 1.33 840 9.72 8.83 8.83 8.98 п.е, 
27 п.е. п.е. ne. п.е. п.е. п.е. ne. n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.e. пе. п.е. ne. ne. п.е. п.е. п.е. 
28 13.27 11.46 2.69 11.46 1221 1.02 13.43 10.87 11.16 12.51 12.25 11.33 11.03 1103 1028 12.37 10.43 11.03 10.58 1028 10.28 п.е. 
29 14.20 1451 1424 13.92 1469 13.74 15.01 14.35 1343 14.37 13.03 1180 11.64 1241 1225 13.31 12.54 12.55 12.69 12.54 1223 п.е. 
30 2.36 1101 12.82 1.17 176 1.31 12.97 10.87 12.82 3.90 3.16 10.58 1.47 0.74 9.85 2.37 10.88 11.64 1044 10.74 9.99 п.е. 
31 25] 1146 1298 1072 1207 11.31 13.13 1102 2.36 3.29 332 11.18 178 0.89 10.59 13.14 1103 1164 11.34 11.34 10.73 п.е. 


32 13.74 1236 1313 1116 1251 1117 1266 1162 11.31 1.47 13.00 10.88 11.32 9.99 940 1116 1028 1104 985 10.59 9.70 ne. 
33 14.20 12.51 328 1161 12.82 11.17 12.82 11.77 1146 11.62 13.45 11.32 11.62 10.73 10.13 11.61 10.72 11.49 1028 10.88 10.44 п.е. 
34 3.12 11.31 12.67 1207 1236 1221 1266 1101 1222 1191 1392 1147 1192 1223 1132 11.91 1029 1226 1073 1103 1133 п.е. 
35 102 984 11.19 1058 1073 9.26 1102 9.85 1042 1102 12.08 9.98 1087 926 926 1014 941 1062 869 913 928 пе. 
36 2.36 1116 13.12 12.36 12.06 102 1297 11.61 2.36 2.97 3.14 10.57 1.16 1.32 10.87 2.66 9.69 1193 1072 1072 11.02 ne. 
37 1176 9.69 1030 926 10.58 9.55 1043 9.85 1043 10.8 1059 882 9.70 912 883 970 768 959 826 870 869 ne. 
38 1073 839 1045 985 1059 868 1072 985 955 1014 1150 854 1045 942 883 985 826 929 840 884 855 п.е. 
39 0.58 8.97 10.15 9.84 911 7.96 1013 9.40 1043 971 1.18 941 1044 869 840 926 797 959 869 899 8.70 п.е. 
40 0.87 9.26 10.59 9.70 10.14 8.39 984 969 984 926 1118 8.83 1074 884 825 9.12 869 914 840 8.69 870 пе. 
4| 1343 11.76 1191 1131 1176 1192 1116 1206 11.61 1.46 12.83 1028 1.02 10.87 998 940 839 10.30 868 912 868 ne. 
42 1435 1267 1266 1221 1221 1343 1206 1327 1282 1191 13.60 11.02 1222 1147 1087 10.58 9.26 11.8 940 970 10.14 ne. 
43 1497 1374 1420 1297 1343 13.28 1451 13.73 1327 1221 13.59 1251 1282 1252 1131 13.58 11.76 1284 1207 1222 12.07 ne. 
44 206 1103 1131 1072 1191 1207 1132 1161 1267 1251 12.70 10.57 11.32 11.17 1028 1266 998 1102 10.28 10.28 1072 ne. 
4 609 1467 1422 1390 1390 15.30 1514 1515 1529 1374 1593 1499 1482 1515 1421 1377 1334 1428 1271 1302 1301 пе. 


Note. -The numbers above the diagonal аге for 28S rDNA, and those below the diagonal are for 
1. С. agetes Laos, 2. С. aristeus Malaysia, 3. С. delesserti Borneo, 4. С. macareus Laos, 5. С. 
dorcus Sulaweshi, 10. G. antiphates Laos, 11. G. mandarinum Myanmarl, 12. G. incertum Yun- 
Laos, 17. G. evemon Cameron, 18. С. doson 1аоѕ1, 19. С. chiron Myanmar, 20. С. bathycles 
lacei PNG, 25. G. batjanensis Bachan, 26. G. weiskei PNG, 27. G. macleayanum Australia, 28. 
G. cloanthus Taiwan, 33. G. policenes Congo, 34. G. ridleyanus Nola RCA, 35. G. latreillianus 
gui RCA, 39. G. adamastor Bungui RCA, 40. G. schubotzi Bungui RCA, 41. L. meges Camer- 






































the ND5 gene in any of the species examined. The G+C content was 59.1-60.496 for 28S 
rDNA and 16.5-18.6% for the ND5 gene in the analyzed Graphium species. The maximum 
sequence divergences of the 28S rDNA and the №05 genes were 5.23% and 15.46% for the 
Graphium species (Table 2). The 28S rDNA was found to have evolved about one third as 
fast as the NDS gene. 


Phylogenetic tree of the Graphium butterflies 


Figs 2, 3 and 4 show the NJ and MP phylogenetic trees of 285 rDNA, the NDS gene and 
28S+ NDS, respectively. Опе Teinopalpus species was used as an outgroup. Gaps in the 
alignments were excluded from phylogenetic analysis, and both gap-excluded and unexcluded 
trees showed almost identical phylogenetic relationships (gap-unexcluded trees are not 
shown). Each phylogenetic tree indicates that the genus Graphium including Pathysa, 
Pazala and Arisbe is monophyletic, however, the relationships between Graphium and other 
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and ND5 of representative Graphium species and related genera of the tribe Graphiini that were 





23 24 25 26 27 28 29 30 3l 32 33 34 35 36 37 38 39 40 4l 42 43 44 45 
128 113 113 113 113 214 287 113 113 142 156 07] 071 071 099 пе 085 ne 404 404 359 330 523 











пе, пе пе. пе, п.е. пе. пе. пе. пе. ne. пе пе, п.е. пе. пе, пе пе, пе. пе. пе. пе. пе. пе, 
п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. пе. п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. п.е. ne 
128 113 113 113 113 2.14 287 113 113 142 156 071 071 0.71 099 пе 085 ne 404 404 359 330 5.23 
ne ne ne ne пе пе ne ne ne п.е. ne. пе ne пе, пе. пе, пе. п.е. пе. ne. n.e. n.e. ne. 


1.42 128 127 1.27 127 228 302 128 128 156 171 085 085 085 113 пе 0.99 пе. 404 404 374 3.45 5.23 
128 113 113  LI3  LI3 214 287 113 113 142 156 071 071 071 099 пе. 0.85 ne 404 404 359 3.30 523 
1.42 128 127 127 127 214 302 128 1.28 156 171 085 085 085 113 ne. 0.99 ne 418 418 374 345 5.38 
пе. пе. пе. ne. ne. ne. ne. ne, ne. ne. ne. ne. ne. пе. пе. п.е. п.е. п.е. пе. ne. п.е. п.е. п.е. 
1.13 071 098 099 099 199 287 0.85 085 113 127 099 085 099 127 ne. 1.13 ne. 3.89 389 3.74 345 553 
142 170 141 1.56 156 2.86 330 199 199 214 228 113 156 113 1.42 ne 127 ne 463 463 3.30 3.89 5,23 
170 199 1.69 185 185 301 360 228 228 243 257 142 185 142 17 ne. 1.56 ne 493 493 3.59 418 5.53 
142 170 141 1.56 156 286 3.30 199 199 214 228 113 156 113 142 ne — 127 ne. 463 463 330 389 523 
1.56 170 127 42 142 271 330 170 170 185 199 127 156 127 156 ne 142 пе 433 433 359 3.59 508 
170 199 141 1.56 156 271 360 199 199 214 228 142 185 142 170 ne 1.56 пе. 463 463 3.59 389 5.23 
3.15 3.59 323 3.30 330 448 508 344 344 344 359 374 418 374 403 п.е. 3.89 пе 629 629 538 614 690 
3.15 3.59 344 345 345 403 493 344 344 345 359 374 448 374 418 ne 4.03 ne 598 598 523 5.68 690 
315 359 359 3.59 359 448 508 344 344 344 359 403 448 403 4.33 пе 4.18 ne. 6.29 629 523 599 690 
301 344 345 345 345 433 493 330 3.30 330 344 389 433 389 4.18 ne 4.03 ne 614 614 508 583 6.75 
301 344 345 345 345 433 493 330 330 330 344 389 433 389 4.18 пе 403 ne 614 614 5.08 5.83 67 
315 3.59 359 359 359 448 508 344 344 344 359 403 448 403 4.33 ne. 4.18 ne. 629 629 523 599 690 
3.30 3.74 3.74 3.74 3.74 463 523 359 359 359 374 418 463 418 448 ne 433 ne 644 644 538 614 7.05 

- 07 098 O71 071 1.42 228 0.85 O85 113 1.28 113 157 113 142 пе. 128 ne 3.74 3.74 345 345 523 


642 = LI3 085 O85 185 243 O71 071 099 113 113 128 113 142 ne 1.27 ne 3.74 3.74 301 301 5.38 
714 8.54 - 028 028 155 242 098 098 098 112 084 14 084 099 пе. 0.85 ne 417 417 3.74 386 5.66 
726 825 271 - 000 127 243 O71 071 099 113 O85 142 0.85 0.99 ne. 0.85 ne 3.74 3.74 3.74 3.30 523 
ne. п.е. ne. п.е. Е 127 243 071 071 0.99 113 085 142 085 099 ne. 0.85 ne 314 374 374 330 523 
9.26 998 9.68 9.69 пе. У L99 142 142 170 185 214 272 214 2.28 ne 2.14 пе 463 463 478 434 629 
11.19 11.32 1128 1207 пе. 6.46 = 257 257 257 272 272 302 272 287 ne 272 ne 5.09 5.09 3.59 449 6.60 
940 9.26 1143 11.32 пе. 1073 1269 - 000 028 042 142 156 14 7 ne 156 ne 314 3.74 359 330 5.38 
9.41 9.85 1085 10.28 ne. 926 1255 3.29 - 028 042 142 156 142 17 ne. 156 ne 374 3.74 3.59 330 5,38 
9.12 926 10.56 10.28 пе. 1043 1315 772 7.31 - 014 7l 1.85 171 1.99 пе. 1.85 ne. 403 403 359 3.59 5.38 
9.26 9.69 10,70 10.43 ne. 1087 13.30 844 802 0.64 = 1.85 20 185 2.14 ne 199 ne 418 418 3.74 3.74 553 
10.28 1146 1172 11.91 ne. 1312 15.46 1131 1192 1192 1192 - O71 00 042 пе 028 ne. 404 404 359 330 538 
882 11.31 11.27 11.31 ne. 984 13.3 1146 1057 1102 1131 883 - O71 042 ne. 0.85 ne 448 448 3.74 374 5.84 
10.13 1087 10.69 11.31 ne. 1236 1435 1057 1132 1116 1131 546 8.54 - 04 ne 0.28 ne 404 404 359 330 538 
8.68 1087 997 9.98 пе. 10.13 1298 1176 1147 1042 1057 883 438 7.68 г ne. 042 пе 448 444 389 3.75 5.68 
754 984 1041 9.69 ne. 1042 12.68 1087 1057 1072 1102 927 477 854 491 d ne. пе. ne. ne. ne. ne. пе. 
8.54 10.57 9.97 1028 пе 1042 13.60 1191 1176 9.84 10.13 8.55 616 8.54 5.88 630 = ne 433 433 3.74 360 5.53 
81 998 1026 10.58 ne. 1042 13.30 11.61 1132 1014 1043 7.69 531 811 574 616 2.75 = пе. п.е. ne. п.е. п.е. 
9.26 1028 10.98 10.72 ne 1131 13.45 1101 1176 9.84 9.99 1221 1131 1191 1042 10.87 9.55 9.98 - 00 404 315 493 
1028 1072 1186 11.76 ne. 1251 1345 1251 1282 11.01 11.16 1251 1191 12.82 1116 1146 1057 10.28 2.74 - 404 315 493 
11.92 1191 1216 12.82 ne. 13.89 15.45 1266 1297 13.12 13.58 1266 1343 12.37 12.66 12.66 11.76 12.51 1176 1206 - 242 433 
998 1043 1201 1146 ne. 1087 13.14 1177 12.52 1267 12.67 13.43 1131 12.83 1087 1101 11146 11.31 1028 10.72 1222 - 433 
13.12 1389 15.83 15.62 ne. 1436 1643 1467 1483 14.66 1498 15.30 1422 15.93 1425 1423 13.74 13.90 1207 1192 15.14 1405 = 











NDS. n.e. 三 not examined. . 
stratiotes Borneo, 6. С. thule Indonesia, 7. С. xenocles Vietnam, 8. а. androcles Sulaweshi, 9. С. 


nan, 13. G. hoenei Sichuan, 14. G. tamerlanum Gansu, 15. G. eurous Taiwan, 16. G. akikoae 
Cameron, 21. G. leechi Zhejiang, 22. G. eurypylus Myanmar, 23. G. agamemnon Bali, 24. G. wal- 
G. codrus Solomons, 29. G. empedovanum Javal, 30. G. sarpedon Bali, 31. G. milon Sulawesi, 32. 
Camerun, 36. G. angolanum Bungui RCA, 37. G. tynderaeus Bungui RCA, 38. G. leonidas Bun- 
onl, 42. L. curius Myanmar, 43. E. helios Brazil, 44. I. podalirius Czech, 45. T. imperialis Vietnam 


genera were not clear. The 28S NJ tree (Fig. 2a) shows that Lamproptera is most closely 
related to the genus Graphium, however, the 28S MP tree (Fig. 2b), the NDS tree (Fig. 3) and 
the 28S 十 NDS tree (Fig. 4) indicate that Eurytides and Iphiclides are more closely related to 
the genus Graphium than Lamproptera. Moreover, the bootstrap values of these divergences 
were low. 


In the 28S tree (Fig. 2), the relationships among each species in the genus Graphium were not 
clear, because they were more closely related to one another and the bootstrap values were 
low. However, the clusters of the subgenus Pazala (bootstrap values NJ/MP — 94/87), the 
sarpedon group (NJ/MP = 86/69), the cluster of codrus/ empedovana (NJ/MP— 74/776) and 
the eurypylus group and G. akikoae group (NJ/MP — 94/100) were recognized as monophyly 
with high bootstrap values, respectively. However, G. antiphates was not clustered with 
other species of the subgenus Pathysa. 


In the NDS tree (Fig. 3), the relationships among the groups were not clear because of low 
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a: NJ tree; b: MP tree. (for Figs 2-4, a: Phylogenetic tree 


constructed using the neighbor-joining (NJ) method (Saitou & Nei, 1987, using PAUP* 


4. 0b10, Swofford, 2000). 
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The evolutionary distances (D) were determined by Kimura's 


using the maximum parsimony (MP) method (PAUP* 4.0b10, Swofford, 2000). 


two-parameter evolutionary distances (Kimura, 1980); b: Phylogenetic tree constructed 
Heuristic parsimony analysis, all characters having equal weight, stepwise sequence 


Fig.2. Phylogenetic tree based on about 700 bases of the 28S rDNA sequences. 
alignments were excluded. 
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Phylogenetic tree of the genus Graphium based on 793 bases of the mitochondrial ND5 


Fig. 3. 


3b shows one of the 60 most parsimonious trees 
(left) and a consensus tree of all 60 most parsimonious trees with 50% majority-rule 
consensus values (right). 


a: NJ tree; b: MP tree. 


sequences. 


All 60 trees had a length of 1401 steps; consistency index, 


0.344; rescaled consistency index, 0.242; retention index, 0.704. 
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Fig. 4. Phylogenetic tree of the genus Graphium based on 285 rDNA and NDS genes. 


a: NJ tree; b: MP tree. 


in alignments were excluded. 


parsimonious trees (left) and a consensus tree of all 12 most parsimonious trees with 50% 


majority-rule consensus values (right). 


. АП 12 trees had a length of 1419 steps; consis- 


tency index, 0.402; rescaled consistency index, 0.296; retention index, 0.735. 
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bootstrap values. The divergence of the subgenera Pazala (NJ/MP= 100/100), Pathysa 
(NJ/MP=71/70), Arisbe (NJ/MP=85/85), the cluster groups of sarpedon and policenes 
(NJ/MP= 100/100), the agamemnon and the wallacei groups and the cluster of weiskei/ 
batjanense (NJ/MP=63/59), the eurypylus group and akikoae (NJ/MP — 62/58) and the 
cluster of codrus/ empedovana (NJ/MP — 100/100) were recognized as monophyly with high 
bootstrap values, respectively. The sarpedon group, the agamemnon group, the cluster of 
weiskei/ batjanense and the cluster of codrus/empedovana, which were classified into the 
subgenus Graphium, formed a monophyletic cluster. However, the eurypylus group was not 
clustered with other species of the subgenus Graphium. 


In the 28S-- NDS tree (Fig. 4), the relationships among the groups were not clear. The 
divergence of the subgenera Pazala (МЈ/МР = 100/100), Pathysa (NJ/MP-— 97/63), and 
Arisbe (NJ/MP — 98/82), the cluster groups of sarpedon and policenes (NJ/MP= 100/98) and 
the eurypylus group and akikoae (NJ/MP — 100/100), and the cluster of codrus/ empedovana 
(NJ/MP — 100/100) were recognized independently. The subgenera Pazala, Pathysa and 
Arisbe were monophyletic clusters. The cluster groups of sarpedon and agamemnon, and 
the cluster of codrus/ empedovana, which were classified into the subgenus Graphium, formed 
a monophyletic cluster: however, the eurypylus group was not clustered with other species of 
the subgenus Graphium. 


Discussion 


Phylogenetic relationships of the tribe Leptocircini 


Monophyly of the genus Graphium including Pathysa, Pazala and Arisbe is strongly 
supported in this study (Figs2, 4). The bootstrap values in the 28S tree are 96 in both the 
NJ and MP methods, and it is also quite certain that Pazala and Pathysa are placed under 
the genus Graphium. If Pazala and Pathysa are treated as separate genera as Igarashi (1984), | 
both Arisbe and the eulypylus group with akikoae should be upgraded to a generic level. 
However, the relationships between Lamproptera and the genus Graphium were determined 
to be unstable, since both the ND5 tree (Fig. 3) and the 28S+ NDS tree (Fig. 4) showed the 
cluster of Eurytides and Iphiclides to be more closely related to the genus Graphium than 
Lamproptera. The current classification suggests that Lamproptera is most proximate to the 
genus Graphium (Hancock, 1983; Miller, 1987). We upheld the other generic separations 
advocated by Munroe & Ehrlich (1960), though noting that Iphiclides and Graphium were 
closely related. However, the divergences between the genus Graphium and other genera 
were not definitively identified in this study, and further analysis of the genus Graphium is 
required. 


Phylogenetic relationships of the genus Graphium 


The present classification of the genus Graphium includes four subgenera: Pazala, Pathysa, 
Arisbe and Graphium (Hancock, 1983, 1993; Miller, 1987, [Table 1]): however, our study 
showed no tree in which the phylogenetic relationships of the four subgenera were clear, and 
their diversification occurred almost at the same time (Figs 2, 3, and 4). The subgenera 
Pazala, Pathysa and Arisbe are shown as separate monophyletic clusters, but the monophyly 
of the subgenus Graphium is not supported as discussed below. 


Munroe (1961) argues that the eurous group, placed by the later authors in the subgenus 
Pazala, belongs to the subgenus Pathysa based on the complexity of the male genitalia. · 
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Hancock (1983) and Miller (1987) suggest that Pazala is the plesiomorphic sister group to the 
rest of the genus Graphium, and that Pathysa is slightly more advanced than Pazala. 
Igarashi (1984), on the other hand, raised Pazala and Pathysa to the generic level based on 
their immature stages. The present study shows strong monophyly of Pazala in the NDS tree 
with high bootstrap values (NJ/MP= 100/100), but its relation to the subgenus Pathysa, or 
to the subgenus Graphium, 18 not clearly shown. It is not suggested that the eurous group 
belongs to the subgenus Pathysa, nor is it indicated that Pazala is the sister group to the rest 
of the genus Graphium. In this background, it is technically probable that Pazala and 
Pathysa are treated as different genera if Arisbe is upgraded to generic level, because these 
subgenera were rather unstable (see Figs 2-4). 


Miller (1987) proposed that all the African Graphium species be classified into the subgenus 
Arisbe, and that Arisbe formed a cluster with Pathysa. Hancock (1983, 1993), on the other 
hand, classified the African species into two groups, the non-swordtailed species in the 
subgenus Arisbe and the swordtailed species in the subgenus Graphium, and suggested that 
Arisbe is clustered with the subgenus Graphium. Smith & Vane-Wright (2001) classified the 
Afrotropical Graphium butterflies with a few Indo-Australian butterflies into the various 
small groups and showed complicated phylogenetic relationships, and they did not support 
four subgenera. The present study (see Figs 2-4) indicates that the African species are 
divided into two groups, one being the species belonging to Arisbe represented by Hancock, 
and the other С. policenes. The subgenus Arisbe (the non-swordtailed African species) and 
Pathysa was monophyletic with high bootstrap values in Fig.4 (NJ/MP=70/54) as 
proposed by Miller (1987), and G. policenes clusters with G. cloanthus of the subgenus 
Graphium with high bootstrap values (NJ/MP = 86/83 in Fig. 2; NJ/MP=97/97 in Fig. 3; 
МЈ/МР = 100/100 in Fig. 4) as proposed by Hancock (1983, 1993). Although we assume 
that the African species can be classified into the subgenera Аг Бе and Graphium as in the 
Hancock's classification, further study of more African species may change this interpretation. 


The subgenus Pathysa is sometimes divided into two species groups, viz. the antiphates group 
and the macareus group (Hancock, 1983). The former consists of some Jphiclides-like kite 
butterflies with banded forewings and long-tailed hindwings, and the latter is comprised of 
some mimetic butterflies with striated forewings and roundish hindwings. The present study 
of the NDS gene shows that С. delesserti, G. xenocles and G. macareus in the macareus 
group are clustered with high bootstrap values (NJ/MP= 100/100), but б. thule is not (Fig. 
3). As mentioned below, G. akikoae classified into the macareus group by Hancock (1983) 
forms a cluster with the eurypylus group of Graphium outside the subgenus Graphium. 


The antiphates group is shown to roughly be split into two clusters. Ostensibly similar pairs 
of species, such as G. dorcus/G. androcles and G. antiphates/G. aristeus, are placed in 
different clusters with high bootstrap values in Fig. 3 (NJ/MP=97/97 in dorcus/ antiphates; 
NJ/MP= 100/100 in androcles/ aristeus), and the cluster of the .macareus group excluding 
thule forms a higher cluster with one of two clusters of the antiphates group. The present 
study of 28S rDNA shows that С. antiphates is not clustered with other species of the 
subgenus Pathysa (Fig. 2a). However, as the 28S rDNA can not be used to determine close 
relationships clearly, the position of G. antiphates is ambiguous. The grouping of Pathysa 
by Hancock (1983) is not clearly supported in this study. 


In the current classification based on Saigusa et al. (1977, 1982), the subgenus Graphium 
consists of the sarpedon group, the agamemnon group and the eurypylus group But, Saigusa 
et al (1977, 1982) did not specifically state that the subgenus Graphium is monophyletic. 
Miller (1987) also suggested that he could not find autapomorphic characteristics to support 
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the subgenus Graphium. The present study shows that the 28S rDNA sequence lengths of 
the eurypylus group are different from those of the other Graphium butterflies, and the 
phylogenetic tree positions of the eurypylus group do not cluster with these groups, but rather 
form a eurypylus cluster independently (Figs 2-4). Therefore, we assume that the eurypylus 
group does not belong in the subgenus Graphium. An introduction of a new subgenus will 
be acceptable for accommodation of this group. 


Some justification of the placement of G. akikoae in the eurypylus group is required. 
Munroe (1961) and Hancock (1983) argued that G. akikoae (=phidias) belongs to the 
subgenus Pathysa, but G. akikoae is distinguished from other Pathysa species by various 
morphological structures including wing tails, forewing veins, etc. Tsukada & Nishiyama 
(1980), on the other hand, suggested that a new subgenus would be required for G. akikoae. 
Our results based on the sequence lengths of 288 rDNA and on our phylogenetic trees (Figs 
2-4) indicate that G. akikoae is more closely related to the eurypylus group than to Pathysa, 
or to other groups of the subgenus Graphium. The monophyly of the cluster consisting of 
the eurypylus group and akikoae is supported by high bootstrap value of more than 50% in 
the 28S rDNA tree (NJ/MP= 100/100), in the NDS tree (NJ/MP— 62/58) and in the 28s 
rDNA 十 NDS tree (NJ/MP = 100/100). 


In conclusion, the present phylogenetic investigation based on molecular analysis confirmed 
the monophyly of the genus Graphium: however the phylogenetic relationships of each of the 
genera of the tribe Leptocircini were not made clear. These results generally agree with the 
traditional classification based on morphological characteristics, except for the eurypylus 
group in the subgenus Graphium and G. akikoae in the subgenus Pathysa. Further study 
of more Leptocircini butterflies, especially by adding Protographium and the subgenus 
Eurytides to the present material, may elucidate the relationships of each genus of the tribe 
Leptocircini and the subgenus Graphium. 


Acknowledgments 


We are especially grateful to Dr Kazumasa Ohta, Tokyo Dental College, Dr Takashi Yagi, 
Osaka Prefecture University, and Mr Go Sasaki, Kyoto University, for their comments and 
discussion. We also thank the following entomologists for supplying samples: Haruo 
Fukuda, Takashi Matsuka, Sadaharu Morinaka, Mineko Nishiyama, Youichi Obara, 
Michitaka Sakakibara, Akio Shinkai, Fujio Tsukui, and Yasuyuki Watanabe. We thank 
Mr Toshio Inomata and Mr Hiroshi Yoshimoto for valuable advice of the scientific name. 
We thank Mr Tamio Hosokawa and Mr Kenichi Odagiri for their kind help. We would 
like to offer our heartfelt thanks to many amateur butterfly specialists in China, Malaysia, 
Indonesia, Myanmar and Japan for providing samples of various species. This study was 
supported by the Sasakawa Scientific Research Grant from The Japan Science Society. 


References 


Collins, N.S. and M. G. Morris, 1985. Threatened Swallowtail Butterflies of the World. The IUCN 
red data book уш. IUCN, Gland. 

D'Abrera, B. L., 1982. Butterflies of the Oriental Region. Part I. Papilionidae, Pieridae, Danaidae. 
Australia: Ferry Creek. 

Ehrlich, P. R., 1958. The comparative morphology, phylogeny and higher classification of the butterflies 
(Lepidoptera: Papilionoidea). Kans. Univ. Sci Bull 39: 305-370. 

Felsenstein, J., 1985. Confidence limits on phylogenies: an approach using bootstrap. Evolution 39: 





NII-Electronic Library Service 


The Lepidopterological Society of Japan 


Phylogeny of Graphium Inferred from 28S rDNA and NDS Gene 109 


783-791. 

Hancock, D.L., 1983. Classification of the Papilionidae (Lepidoptera): а phylogenetic approach. 
Smithersia 2: 1-48. 

, 1993. Origins and evolution of the Afrotropical Papilionidae (Lepidoptera). Arnoldia 
Zimbabwe 9: 557-583. 

Igarashi, S., 1984. The classification of the Papilionidae mainly based on the morphology of their 
immature stages. Туд Ga 34: 41-96. 

Kim, C. G., Zhou, Н. Z., Киша, Y., Tominaga, O., Su, Z.H., and S. Osawa, 2000. Pattern of mor- 
phological diversification in the Leptocarabus ground beetles (Coleoptera: Carabidae) as deduced 
from mitochondrial NDS gene and nuclear 285 rDNA sequences. Molec. Biol Evol 17: 137-145. 

Kimura, M., 1980. A simple method for estimating evolutionary rate of base substitutions through 
comparative studies of nucleotide sequences. J. molec. Evol. 32: 128-144. 

Makita, H., Shinkawa, T., Ohta, K., Kondo, A. and T. Nakazawa, 2000. Phylogeny of Luehdorfia 
butterflies inferred from mitochondrial NDS gene sequences. Ent. Sci. 3: 321-329. 

Masui, A. and J. Uehara, 1999. Butterflies recently collected from Laos P. D. В. (5). Gekkan-Mushi 
(338): 18-23 (in Japanese). 

Miller, J. S., 1987. Phylogenetic studies in the Papilioninae (Lepidoptera: Papilionidae). Bull Am. 
Mus. nat. Hist. 186: 365-512. 

Móhn, E., 2002. Papilionidae: Baronia, Euryades, Protographium, Neographium und Eurytides. In 
Bauer, Е. and Т. Frankenbach (Eds), Schmetterlinge der Erde 14: 1-16, pls 1-36. 

Morita, S. and A. Shinkai, 1996. Description of a new subspecies of Graphium phidias (Oberthür, 1906) 
from Laos. Futao 23: 9-11. 

Munroe, E., 1961. The classification of the Papilionidae (Lepidoptera). Can. Ent. (Suppl.) 17: 1-51. 

Munroe, E. and Р. В. Ehrlich, 1960. Harmonization of concepts of higher classification of the 
Papilionidae. J. Lepid. Soc. 14: 169-175. 

Niculescu, E. V., 1977. Un nouveau genre de Graphiini: K/inzigia n. gen. (Lep. Papilionidae). Вий 
Soc. ent. Mulhouse (Oct.-Dec.): 51-52. 

, 1989. L’armature genitale male des Papilionidae (Lepidoptera-Aparasterina). Bull Cercle 
Lepid. Berg. 18 (1/2): 10-24. 

Parsons, M., 1999. Butterflies of Papua New Guinea. Their Systematics and Biology. Academic 
Press, London. 

Saigusa, T., Nakanishi, A., Shima, Н. and О. Yata, 1977. Phylogeny and biogeography of the subgenus 
Graphium Scopoli (Lepidoptera: Papilionidae, Graphium). Acta rhopalocerol 1: 2-32. (In 
Japanese.) 

, 1982. Phylogeny and geographical distribution of the Swallow-tail subgenus Graphium 
(Lepidoptera: Papilionidae) Entomologia gen. 8: 59-69. 

Saiki, К. K., Gelfand, D. H., Stoffel, S., Schaft, S. T., Higuchi, R., Horn, С. T., Mullis, K. В., and Н. A. 
Erlich, 1988. Primer-directed enzymatic amplification of DNA with a thermostable DNA polymer- 
ase. Science 239: 487-491. 

Saitou, N., and M. Nei, 1987. The neighbor-joining method: a new method for reconstructing 
phylogenetic trees. Molec. Biol Evol 4: 406-425. 

Sanger, F., Nicklen, S., and A. R. Coulson, 1977. DNA sequencing with chain-terminating inhibitors. 
Proc. natn. Acad. Sci. U. S. A. 74: 5463-5467. 

Smith, С. В. and В. I. Vane-Wright, 2001. А review of the afrotropical species of the genus Graphium 
(Lepidoptera: Rhopalocera: Papilionidae). Вий nat. Hist. Mus. Lond. (Ent.) 70: 503-719. 

Su, Z. H., Ohama, T., Okada, T. S., Nakamura, K., Ishikawa, R., and S. Osawa, 1996a. Phylogenetic 
relationships and evolution of the Japanese Carabinae ground beetles based on mitochondrial ND5 
gene sequences. J. molec. Evol 42: 124-129. 

, 19966. Geography-linked phylogeny of the Damaster ground beetles inferred from mitochon- 
drial NDS gene sequences. J. molec. Evol. 42: 130-134. 

Swofford, D.L., 2000. PAUP*. Phylogenetic Analysis using Parsimony (*and other methods). 
Version 4.0b10. Sinauer Associates, Sunderland, Massachusetts. 

Taylor, М. Е. J., McKechnie, S. W., Pierce. М. and M. Kreitman, 1993. The Lepidopteran mitochondrial 





NII-Electronic Library Service 


The Lepidopterological Society of Japan 


110 Hiromichi MAKITA, Tsutomu SHINKAWA, Kiyotaro KONDO, Lianxi XING and Tohru NAKAZAWA 


control region: structure and evolution. Molec. Biol Evol. 11: 513-522. 

Thompson, J. D., Gibson, Т. J., Plewniak, F., Jeanmougin, Е. and D. G. Higgins, 1997. The clustal X 
windows interface: flexible strategies for multiple sequence alignment aided by quality analysis tools. 
Nucleic Acids Res. 24: 4876-4882. 

Tsukada, E. and Y. Nishiyama, 1980. Papilionidae. Ји Tsukada, E. (Ed.), Butterflies of the South East 
Asian Islands 1. Plapac, Tokyo. (In Japanese.) 

Yagi, T., Sasaki, G., and Н. Takebe, 1999. Phylogeny of Japanese papilionid butterflies inferred from 
nucleotide sequences of the mitochondrial NDS gene. J. molec. Evol. 48: .42-48. 


摘 要 


核 28S rDNA と ミト コン ドリ ア NDS 遺伝 子 に 基づく Graphium 属 の 系 統 解 析 (牧田 裕 道 ・ 新 川 
勉 ・ 近 藤 喜代 太郎 ・Lianxi Xing • Ps) 


我々 は , Leptocircini Ж (Graphiini 族 と 呼ば れん る こと も ある が , この 名 称 の 使用 に つい て は Smith & 
Vane-Wright (2001) 参照 ) また は Graphium 属 の 既存 の 形態 分 類 と , 遺伝 子 配列 か ら 得 られ た 分 子 系 
統 樹 の 比較 検討 を 行っ た . 分 子 系 統 解析 で は , 上 位 の 系 統 関係 は 核 な どの 進化 速度 の 遅い 遺伝 子 を 用 
v. 下位 の 系 統 関係 は ミト コン ドリ ア な どの 進化 速度 の 速い 遺伝 子 を 用 いる こと が 報告 され て お り , 
本 研究 で は , Leptocircini 族 の 解析 に は 進化 速度 の 遅い 核 28S リボ ソー ム DNA (285 rDNA) #7 700 塩 
基 を 用 いた . また , Graphium 属 内 の 解析 に は 進化 速度 が 速い ミト コン ドリ ア NADH デヒドロ ゲ 
ナー ゼ サ ブユ ニッ ト 5 (NDS) 遺伝 子 793 塩基 を 用 いた . 分 子 系 統 樹 は , М (近隣 結合 法 ) も し く 
は МРЉЕ ( 最 節約 法 ) に よっ て , 285 rDNA (Fig. 2), ND5 (Fig. 3) な ら び に 285 rDNA--NDS (Fig. 4) 
の 分 子 系 統 樹 を 作成 し Graphium 属 が 単 系 統 で ある こと が 示さ れ た だ た . また 属 内 の 各種 の 分 岐 は 一 斉 
に 行わ れ た こと が 示唆 され た . また , 各 亜 属 の 系 統 関 係 は , 形態 分 類 を 支持 する も の で あっ た が , 一 
部 異な る 結果 も 得 ら れ た . 


月 態 分 類 で は Graphium 属 に は Pazala, Pathysa, Arisbe, Graphium の 4 亜 属 に 分 類 さ きれ て いる (Smith 
& Vane-Wright (2002) は 4 亜 属 を 支持 せ ず , 複数 の 小 グ ルー プ か ら な る と し て いる ). 本 研究 で 得 ら 
れ た NDS や 285 rDNA+ND5 の 系 統 樹 で は , Pazala, Pathysa, Arisbe は それ ぞ れ 単独 の クラ スタ ー を 
形成 し た . し か し Graphium 亜 属 に お ける eurypylus グル ー プ (本 研究 で は 以下 の 種 を 解析 し た : С. 
doson, С. bathycles, G. chiron, G. evemon, G. leechi, G. eurypylus) と Hancock (1983) が Pathysa 亜 属 に 
分 類 し た С. akikoae Morita & Shinkai (= phidias Oberthür) iX, 本 研究 で 使用 し た 285 rDNA 領域 の 
塩基 数 が 他 の 亜 属 や グル ー プ と 比較 し て も 少な く (еитуруи グル ー プ & С. akikoae は 713 塩基 , 
Graphium 属 の 他 の 種 は 717 塩基 ), Graphium 亜 属 の 他 の 種 と は クラ スタ ー を 形成 し な いと と か ら , 
別 の グル ー プ で ある こと が 分 子 系 統 樹 に より 示さ れ , eurypylus グル ー プ は Graphium 亜 属 に は 含ま れ 
な いこ と が 示唆 され た . 


また , 形態 分 類 で は アフ リカ の Graphium 属 を 全て Arisbe 亜 属 と する 説 (Munroe, 1961; Miller; 1987) 
E, 尾 状 突 起 の 無い グル ー プ を Arisbe НЕ (本 研究 で は 以下 の 種 を 解析 した: G. ridleyanus, С. latreil- 
lianus, С. angolanum, С. tynderaeus, С. leonidas, G. adamastor, G. schubotzi), 尾 状 突 起 の ある グル ー 
プ を Graphium 亜 属 (G. policenes) と する 説 (Hancock, 1983, 1993) に 分 か れる が , 本 研究 の 分 子 系 統 
樹 で は Hancock の 分 類 で ある Arisbe 亜 属 と Graphium 亜 属 の 2 亜 属 に 分 か れる こと を 支持 し て いる . 
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